EXECUTIVE SUMMARY
The U S Department of Energy (DOE) established the Spent Nuclear Fuel Project (SNF Project) to address safety and environmental concerns associated with deteriorating spent nuclear fuel presently stored in the Hanford Site's K Basins The SNF Project has been tasked by the DOE with moving the spent nuclear fuel from wet storage to contained dry storage in order to reduce operating costs and environmental hazards The purpose of this document is to address the detonation phenomena of hydrogen and oxygen in the spent fuel containers Although hydrogen and oxygen are not initially present in significant quantities in the Multi-Canister Overpack (MCO), they are produced by several mechanisms MCOs containing damaged fuel elements where uranium fuel and residual water are present will result in corrosion of the uranium In this aqueous corrosion reaction, oxygen will be consumed generating U0 2 and monatomic hydrogen Any free oxygen would then be gettered by the monatomic hydrogen Thus for an MCO scenario where sufficient fuel is exposed to water, free hydrogen in an oxygen free atmosphere would be expected Such an atmosphere (given no external air m-leakage) would have a non-stoichiometric hydrogen oxygen mixture that could not support deflagration or detonation Radiolytic decomposition of residual water, though a slower reaction process, produces hydrogen and oxygen in a stoichiometric ratio consistent with detonation or deflagration It is generally agreed that hydrogen is relatively non-reactive at or near ambient temperatures and would build in concentration in storage over time Radiolytically produced oxygen is more reactive and does not always build in concentration In an MCO with intact fuel assemblies, oxygen is not expected to be depleted significantly by the zirconium cladding or the stainless steel containment materials and is expected to build in concentration Therefore, the potential for deflagration or detonation of these gases has been explored Several process configurations have been identified wherein detonation pressures exceed the nominal 1010 kPa (10 atmosphere) pressure design limit for the MCOs Only 42 grams of radiolyzed water are required to establish this condition Unless the drying or conditioning process can assure that less than 42 grams of residual water are present during sealed staging or storage, a hydrogen or oxygen gettermg material should be present in the MCO to assure that the internal atmosphere will not support deflagration or detonation An oxygen gettermg candidate might be a damaged fuel element ES-1 The Spent Nuclear Fuel Project (SNF Project) is evaluating the concept of transferring spent nuclear fuel from wet pool storage in the K-basins to dry fuel storage in the Canister Storage Building (CSB) An MCO has been designed to contain and simplify handling of the SNF It is approximately 160 inches tall, with a 24 inch external diameter The MCO has a 0 5 inch wall, an internal tapering bottom varying in thickness from 1 75 to 1 25 inches until reaching a thick pocket at the center with a 0 88 inch thickness, and a 9 75 inch shield plug with processing ports It will most likely be made of 304 L stainless steel It is designed to hold a maximum internal pressure of 150 psig (10 atm) at 205 °C The MCO design pressure of 150 psig is the basis for pressunzation constraints when the MCO is in an unvented condition
The operational sequence is to lower the MCO into the K-Basin Pool, and fill with approximately 270 fuel assemblies (24 kg each) arranged in 5 vertical layers Optionally, a scrap basket may be substituted for one layer of fuel After loading, the MCO lid will be seal welded and the MCO will be transported to the cold vacuum drying station, where the free water will be drained, and then vacuum dried at 50-70 c C Next, the MCO will be transported to the CSB and placed in temporary storage in a vented condition until the Hot Conditioning Annex facility is built This staging period may last from several months to several years The hot conditioning process will consist of heating the MCO to 300 °C under vacuum to remove waters of hydration and some hydrogen from the uranium hydrides After hydrogen and water are removed to detection or process limits, the MCO will be cooled to 150 °C and treated with oxygen to stabilize all remaining reactive surfaces Finally, the MCO will be back-filled with helium or argon and placed in long-term sealed storage (nominally 75 years) During each process step, the potential exists for the production of hydrogen gas Hydrogen can be produced by radiolysis
Radiolysis, therefore, produces hydrogen and oxygen in approximately the correct stoichiometric ratio for an energetic reaction 2 H 2 0 + 2U -> U0 2 + 4H-
These hydrogen radicals are powerful oxygen getters so they deplete oxygen according to
After the oxygen has been depleted , hydrogen gas is produced
It is therefore concluded that chemical reactions between water and uranium result in an MCO atmosphere with excess hydrogen and sufficiently depleted oxygen to pose no explosive hazard Further mixing of this hydrogen with gaseous oxidizers could, however, recreate an explosive hazard This study was not designed to predict the occurrence of an initiating spark or high temperature event that could produce a deflagration It is nevertheless believed that the fuel assemblies, as they exist in the pool, may contain some concentrations of uranium hydride Additional hydride will not form in the presence of oxygen, however, more hydride may form whenever the MCO contains water and is oxygen deficient This hydride may react vigorously if suddenly exposed to oxygen, reaching temperatures in excess of 1800 °K Thus, combustion of uranium hydride can be added to spark sources due to mechanical or electrical phenomena as potential ignition sources for hydrogen Backfilling an MCO with an inert gas such as argon or helium does not eliminate the possibility of a deflagration or detonation If sufficient oxygen and fuel are mixed with the inert gas in the correct ratios, it is easier to achieve a detonation in a monatomic inert gas medium than in a diatomic gas medium such as nitrogen Since monatomic gases cannot absorb energy in vibrational modes, their heat capacities are smaller than for diatomic molecules, consequently, they heat more rapidly If sufficient oxygen and fuel are available and ignited, will the system transition from deflagration to detonation' Deflagration to detonation transition (DDT) is not a process that can be predicted oi modeled from fundamental principles and is therefore approached empirically Even empirical DDT data must be evaluated carefully Because of the many independent variables, differing results have been obtained by various experiments in which these variables are not properly understood or controlled As a result, any statements made in this report relative to a DDT event should be viewed as advisory and not as a proven fact Despite the above disclaimer, it is known that an inert, monatomic gas matrix containing a stoichiometric hydrogen/oxygen mixture in 85% argon at ambient pressure possesses a detonation cell dimension of 0 85 centimeter Since the void space within an MCO is 500 liters, with approximately 44 liters in the lid's head space, it is assumed that there is no dimensional restriction against detonations for this case Thus, given an ignition source and sufficient 0 2 , then detonation within the MCO during sealed storage or staging conditions can be expected If the detonation cell dimensions exceed the available MCO free space, DDT will not occur The detonation cell dimension is inversely related to the system heat capacity, the gas pressure, and the reaction enthalpy Based upon these factors, the vacuum process conditions would tend to cause a larger detonation cell Therefore, it may be possible to show that detonation conditions are not possible during vacuum conditioning
COMBUSTION PROCESSES IN THE MCO
Deflagration is defined as the simple combustion of hydrogen and oxygen, wherein the combustion process propagates within the gas at less than the speed of sound Deflagration can release heat and pressurize the MCO The amount of heat released is determined by the enthalpy of combustion The pressure is proportional to the rise in absolute temperature resulting from the combustion process
In contrast, a detonation wave may be initiated by a spark or through deflagration to detonation transition Within the detonation wave, heating is caused by compression, and is adiabatic The detonation wave moves faster than the speed of sound and achieves a higher pressure and temperature than that resulting from deflagration
The equation relating the pressure rise in a detonation wave to the variables of the system was supplied by W Wilson of Science Applications International Corporation (Wilson 1996)
Where
Q is the system enthalpy, T, refers to the absolute gas temperature at equilibrium, C v is the heat capacity of the system at constant volume, and C p is the heat capacity of the system at constant pressure The subscripts 0 and 1 refer to the final and initial states of the gas This equation is based upon the thermodynamic and fluid mechanical requirements for the propagation ot a discontinuous interface between reactants and products in a fluid medium (Landau 1993) The mixture heat capacities are estimated from quadratic fits (Spencer 1945) to temperature-dependent heat capacities of the individual components The exothermicity of the reaction Q is taken from the JANAF tables (Chase 1986) Pressures calculated from equation (5) generally agree with experimental measurements within a few percent (Wilson 1996) An example of detonation pressure calculations using equation 7 is given as follows (11) now to evaluate C pl) C vl , and T, at equilibrium Two questions are pertinent to this report Will a deflagration or detonation occur 9 And, given a deflagration or detonation, what is the maximum pressure exerted on the MCO 7 Since a detonation provides the highest temperatures and pressures, all subsequent analyses will be focused upon detonation events Factors determining whether a detonation is possible include the molar composition and pressures of the gases, the heat capacity of the gases, the initial temperature of the gases, and the occurrence of an initiating event such as a spark or high temperature
The theoretical basis for estimating initiation detonation requirements is not welldeveloped and its study requires an empirical basis Three categories of initiations are commonly studied shock-to-detonation transition, jet-to-detonation transition, and deflagration-todetonation transition There is an emerging understanding of a connection among the thresholds for each involving the fundamental structure of the detonation front (Fickett 1979 and Lee 1984) It has a three-dimensional cellular structure whose characteristic size X is related to initiation phenomena The critical energy required for shock initiation is directly proportional to the volume of the initiation cell, while jet initiation requires an orifice diameter of 13 X DDT has been shown to occur in hydrogen-air-steam mixtures when the tube diameter reaches the X measured in shock initiated detonations (Ciccarelh 1996)-this is the minimum size for detonation propagation regardless of the initiation mode DDT is a complex process not amenable to a prior modeling prediction Its occurrence depends on local turbulence levels, geometry, wall roughness, etc It exhibits strong spatial requirements Ideally, X imposes a minimum size requirement In other situations, a scaling with A. is expected Thus, X determined from shock-initiated detonations may be taken as equivalent to the requirements for DDT Stoichiometric hydrogen air mixtures at 101 kPa (1 atmosphere) pressure have an initiation cell size of 1 cm (Wilson 1996) The cell X rises sharply below 17% and above 60% hydrogen at room temperature f he detonation range widens as the ambient temperature is increased Cell size data in hydrogen-oxygen-argon mixtures have been established over wide ranges of pressures and dilutions (Strehlow and Engel 1969) Their data show that in an 85% argon-15% stoichiometric oxygen/hydrogen mixture at 1 atmosphere pressure, a cell with characteristic A. of 0 8 cm exists This is the initial gas composition in the shipping, staging, and storage configuration producing a 1010 kPa (10 atmosphere) detonation wave Their data also indicates an ambient pressure scaling with P This small cell size indicates susceptibility to DDT comparable to that of stoichiometric hydrogen-air mixtures There are no confirming measurements of DDT in these systems at pressures above atmospheric (Ciccarelh 1996) Factors favoring detonation initiation and present in the MCO are, the initiating cell dimensions are small, and all MCO's may potentially contain initiating sources such as uranium hydride and/or mechanically or electrically induced sparks An initiating event is therefore assumed, and the remaining emphasis is placed upon evaluating detonation wave pressures in the MCOs
FULLY FLOODED CONFIGURATION
During the fully flooded condition, reactive gas production rates from radiolysis and/or chemical reactions are or can be maximized, and void spaces within the MCO may accumulate hydrogen and oxygen This flooded configuration must therefore be analyzed for its detonation potential For this condition, the following parameters are assumed
• an air gap exists within the MCO head space,
• the initial pressure is 101 kPa (1 atmosphere), the hydrogen/oxygen ratio is stoichiometric,
• the hydrogen concentration ranges from 0 to 90% by volume, and
• the temperature range is from 25 to 100 °C Under these conditions, the pressure increases shown in Table 2 are calculated The detonation pressure ratios from 1 able 2 are presented graphically in Figure 1 Figure 1 shows that detonation pressures are highest in all cases at 30% hydrogen by volume, that the pressures decrease with increasing initial temperature, and that several detonation pressures are higher than the nominal 1010 kPa (10 atmosphere) pressure limit for the MCO The maximum detonation pressure in the fully flooded configuration is 1313 kPa (13 atmospheres) produced by a stoichiometric mixture at 0 °C Pressures in excess of 1010 kPa (10 atmospheres) are possible for mixtures from 17 to 57 volume percent H 2 At higher initial pressures, the mixture range capable of creating a detonation pressure higher than 1010 kPa (10 atmospheres) widens beyond 17 to 57 % H 2 The probability of DDT occurring is related to the hydrogen concentration Although predicting DDT is not an exact science, it is believed that DDT occurs most often within the 17 to 57 volume percent hydrogen range Table 2 Detonation Pressure Ratios (P/P 0 ) for the Flooded MCO. Vol% H, 80 100
COLD VACUUM DRYING
The next process condition analyzed was the detonation pressure on the low pressure side of the vacuum pump At the time this document was prepared, no firm guidance had been issued by the project on the exact vacuum pump to be used The operational parameters chosen were based upon an estimate that the equilibrium temperature might be somewhere near 50 °C This would support a water vapor partial pressure of 11 96 kPa to 13 29 kPa (90 to 100 torr) The extent of conversion of that water vapor to hydrogen gas by chemical reaction was not clear Neither was the decision as to whether a 0 66 kPa (5 torr) air bleed would be established to slow the aqueous corrosion rate
The following parameters were therefore assumed for this case
• Water vapor partial pressure is 1993 Pa (15 torr), Oxygen partial pressure is 132 9 Pa(l torr),
• Nitrogen partial pressure is 531 6 Pa (4 torr), and
• Hydrogen partial pressure is 132 9 Pa to 13 29 kPa (1-100 torr) Table 3 presents the pressure ratios calculated from equation (5) The Table 3 Under these conditions, the hydrogen detonation pressures are calculated and presented in Table 4 These results are presented graphically in Figure 3 Figure 3 shows that detonation pressures never exceed 303 kPa (3 atmospheres) on the pressure side of the pump while the hydrogen volume fraction is maintained less than 4% by dilution The exhaust gas plenum must be designed to survive pressure waves of this magnitude 3.3 SHIPPING, STAGING, AND STORAGE During shipping, staging, and storage the following parameters are assumed
The atmosphere is to be inert gas such as argon,
• Initial pressure ranges from 101 to 1010 kPa (1-10 atmospheres),
• Temperature range = 50-150 °C, Hydrogen to argon ratio range = 5, and
Hydrogen to oxygen ratio equals 1 Using these parameters, the detonation pressure ratio was calculated and is presented in Table 5 Table 5 
LogfWater-gmJ
According to Figure 5 , only 42 grams of water radiolyzed m the MCO are required to potentially produce a 1010 kPa (10 atmosphere) detonation wave Since the MCO will contain over 6 tons of fuel, verifying that the MCO contains less than 42 grams of water seems a daunting challenge 4.0 SUMMARY Ignition and subsequent detonation of hydrogen/oxygen mixtures in the MCOs is presented as a distinct possibility Two items of value may be gleaned from this discussion The first is the relative probability of either deflagration or detonation and the second is the maximum pressures achieved in a detonation Although this report has not discussed the first item in detail (the probability of deflagration or DDT), it should be recognized that such deflagration or DDT is more likely in the upper half of the area below each of the pressure ratio curves in Figure 1 Since P/Po is maximized when the system enthalpy is maximized and the system heat capacity is minimized, under these conditions, the lowest minimum spark energies and the smallest detonation cell dimensions are encountered It therefore seems likely that more experimental systems will meet the minimum requirements for detonation and that detonation is therefore more probable In this sense, the probability also increases for hydrogen/oxygen mixtures, as the hydrogen to argon molar ratio increases toward 1, as shown in Figure 4 Given the possibility of an ignition leading to detonation, the main focus of this paper has been on the thermodynamic energy potential of the system and the detonation pressures that would be achieved It has been shown that many of these system configurations can achieve 1010 kPa (10 atmospheres) or more in the detonation wave It has also been shown that during longterm storage, the radiolysis of only 42 grams of water is required to produce a hydrogen/oxygen mixture that yields a 1010 kPa (10 atmosphere) detonation wave It will be a daunting challenge to prove that the system does not contain 42 or more grams of water when placed m long-term storage
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Revision 1 APPENDIX A DETONATION WAVE THEORY Equation (5) in the main text was presented and used to generate the detonation pressure ratios without a derivation or other proof of validity Its derivation cannot be given in this appendix, since we do not have ready access to the source material As a secondary position, the following derivation of equations yielding detonation pressure ratios are presented from SelfIgmtion Flame and Detonation of Gases (Sokalek 1960) Sokalek's treatment does not yield equation (5) in directly recognizable form, however, it is shown that it is numerically equivalent Simple Shock Wave A shock wave may be represented as the result of the very rapid compression of gas enclosed in an infinitely long tube, by a piston moving at a constant velocity u During the course of one second in which the piston has moved a distance of u, the disturbance caused by the compression travels a distance C at the high, but finite velocity C In such a case, the undisturbed gas is separated from the compressed gas by a boundary across which there exists an abrupt discontinuous change in all of the parameters characterizing the state of the gas the pressure, density, specific volume, temperature and velocity This boundary represents the shock wave front C, then is the propagation velocity of the shock wave with respect to the undisturbed gas, u is the velocity of the piston and of the gas flow behind the shock front, and C-u is the propagation velocity of the shock wave with respect to the compressed gas The application of the conservation laws to the states of the undisturbed and the compressed gas (denoted by the subscripts of 0 and 1) leads to three equations The mass conservation equation
The momentum conservation equation CP"*u = p,-p" or (A2) C*u/V 0 =p ,-p" and the energy conservation equation P,*u = P"*C*(E,-E ( +u 2 /2) or (A3) P l *u = C/V"*(E,-E 0 + u 2 /2) A-l
Revision 1 The quantity M, in equation (Al), is the mass of gas passing through 1 cm 2 of the shock wave surface during one second and is usually known as the mass gas velocity (mass-flow rate) Equation (A3) states that the work done on the gas equals the increment in its internal and kinetic energies Here p is the density, V is the specific volume, and E is the internal energy per unit mass of gas Equations (Al) and (A2) show the ratio between u and C, and also give these quantities as functions of P and V
and
If C and u from equations (A4) and (A5) are substituted into equation (A3), the energy conservation equation becomes
For an ideal gas, the internal energy is
The derivation of equation (A7) is presented in Appendix B, so,
which may be transformed into
giving the relation between the degree of compression ratio, e = V 0 /V, = p ,/p 0 and the pressure rise TI = PJP 0 in the shock wave Equations (A6) and (A9) are the equations for the dynamic compression in a shock wave and are known as the Hugomot adiabatic (H sh )
A-2 WHC-SD-SNF-TI-021 Revision 1 Equation (A6) leads to some expressions that are useful for determining the relative pressure rise it and temperature rise 0 as functions of the compression ratio e
now since T,/T" = P 1 V I /P"V"
Finally the quantities C and u can also be expressed as functions of e and it
tor strong shock waves in which 7t > 10, the terms (k-1) and (k+1) in the numerator and denominator of equation (A9) may be neglected so that
consequently,
if it is taken into account that
R is the universal gas constant and where C" is the velocity of sound in the gas in its initial state Let us now consider the mam differences between dynamic compression in a shock wave and ordinary adiabatic compression according to the Poisson law
These differences exist because the compression in a shock wave occurs with a finite displacement and mass flow rate, while in ordinary compression these quantities are infinitesimal
The Stationary Detonation Wave A detonation wave, which is a shock wave accompanied by reaction, is described by the same conservation equations as a simple shock wave But, it has an additional term, representing the heat of chemical reaction, included in the energy conservation equation
The conservation of momentum in the equation analogous to (A2) and the conservation of energy in equation (A 19) refer to the initial and final reaction states (complete liberation of the reaction energy), namely to the fresh gas ahead of the detonation wave front, and to the reaction products behind the front, after thermodynamic equilibnum has been established If the change in the internal energy is once again written as
then the pressure as a function of the specific volume during shock compression, with simultaneous energy liberation due to reaction, is given by the equation for the Hugoniot adiabatic describing a combustion wave
This equation can be rewritten as
and when it is taken into account that the multiplier of Q for e <6 is greater than 0, it is evident that it for the dynamic compression in a detonation wave is higher than the corresponding it in a shock wave without reaction Figure A -l contains two Hugoniot adiabatic plots of pressure versus volume for a simple shock wave and for a detonation wave The Hugoniot adiabatic for a combustion wave in which e < 6 lies above the adiabatic of a simple shock wave, which passes through point A describing the initial state (Po,Vo), is shown clearly in Figure A-l The propagation velocity D of the detonation wave and the gas flow velocity u for the H adiabatic in the presence of combustion are determined by formulas similar to (A4), (A5), (A12). and (A13) for a simple shock wave, but in which C is replaced by D, the velocity of a detonation wave Each point on the H adiabatic corresponds to specific values of D and u Nevertheless, experiments show that for a given composition and initial state of combustible mixture there is one single, completely determined value of the detonation-wave velocity, which is independent of all other experimental conditions Consequently, the basic problem of detonation-wave theory has been to find a criterion for selecting the point on the H curve that indicates the unique value of the velocity of a stationary detonation wave Following Jouguet, let us now examine three portions of the H adiabatic for combustion A-5 WHC-SD-SNF-TI-021
Revision 1 The portion below point F corresponds to combustion accompanied by a lowering of pressure and an increase in specific volume, just as in flame propagation by means of heat conduction and diffusion The propagation velocity of a combustion wave for any point on the H adiabatic, just as for the adiabatic of a simple shock wave, may be determined from equation (A4) as the product of the initial specific volume times i/(p, />"> ' ( v " v i> ' the square root of the slope of the line connecting the given point on the H adiabatic with A, the point corresponding to the initial state The graph indicates that for all points below T, fo t />")/O o v,) < (3p/cV)", where (3p/6V) 0 is the slope at the point corresponding to the initial state Consequently,
where the right side represents the velocity of sound in the gas head of the combustion wave Evidently, all of the curve below F corresponds to flames propagating at subsonic velocities, generally referred to as deflagration 2 In portion EF, a pressure increase is accompanied by an increase in specific volume Since for (p, P j > 0 and (v o V] ) < 0 , ^A/ >, />")/(>"-v,) is imaginary, region EF does not correspond to any real type of flame propagation 3
The portion above point E corresponds to combustion accompanied by a pressure rise and a decrease in specific volume, similar to the change in p and v in a shock wave A comparison between tan a at point A, and the slopes of lines drawn from point A to points on this branch indicates that the wave velocity for the entire EB branch is higher than the velocity of sound Consequently, only the branch of the H curve lying above point E corresponds to a combustion wave with shock-wave properties (dynamic or shock compression and a supersonic propagation velocity) Chapman observing that of all the lines drawn from the initial state point E, only one unique point on branch EBN corresponds to a tangent, formulated a rule defining the parameters of a stationary detonation wave These parameters are given in terms of coordinates (pi, vl) as the point at which the Hugoniot adiabatic for a shock wave accompanied by combustion is tangent to a line drawn from the initial state point
The point of tangency is called the Chapman-Jouguet (C-J) point, after the founders of the classical theory of the detonation wave This rule merely is a statement of the experimentally established fact that for a given mixture and given initial conditions, there is a unique value of the detonation-wave velocity, and is essentially an empirical rule To justify the rule, Jouguet began with the fact that in spite of all the various possible combustion waves with supersonic propagation velocities corresponding to different points on the considered branch of the H curve, a detonation wave is distinguished by a stationary nature If a detonation wave is to remain stable, the shock wave causing the detonative ignition in successive gas layers must not be weakened by the rarefaction waves formed during the expansion following the completion of combustion behind the detonation wave front These waves, just as any disturbance, are propagated through the stream behind the detonation wave front at the velocity of sound c, = v, y ( a p /3v),
corresponding to the state of the burned gas, relative to the fresh gas this propagation takes place at the local velocity of sound (c,+ u) Consequently, a detonation wave will not be affected by rarefaction waves only when
Since, as shown directly by equations (A3) and (A4),
is the velocity of the stream of compressed gas particles relative to the detonation-wave front, the condition for stability of the detonation wave, is that the velocity of the stream of compressed gas behind the detonation wave must not be less than the velocity of sound in the given gas, since this is the propagation velocity of rarefaction waves m the gas This condition for stability of a detonation wave, formulated by louguet, provides a partial verification of the Chapman rule As seen from Figure A The stability condition (A24) is not fulfilled on the branch of the H adiabatic above the C-J point, it is fulfilled only at the C-J point and below it (on branch E-CJ) It follows from (A25) that the C-J point corresponds to the minimum of all the possible wave velocities along this branch, whereas the minimum shock-wave velocity corresponds to the minimum amount of kinetic-energy dissipation due to viscosity forces (that is, the minimum entropy increase in the transition from the initial state) The choice of a point on the H adiabatic determining the state of the gas in the detonation wave, just as in the classical theory of detonation waves in general, was made without any considerations associated with the chemical reaction rate in the detonation wave ft may be assumed, although this was not formulated explicitly, that the classical theory A-7 WHC-SD-SNF-TI-021 Revision 1 pre-supposes an essentially instantaneous chemical transformation after adiabatic compression of the mixture in the shock wave Jost observed that, for a finite reaction-zone width, compression waves of finite amplitude (that is, corresponding to a finite increment in mass flow velocity) were generated in the combustion zone at a certain distance from the shock-wave front (Sokalek 1960), their velocity is only slightly greater than the local velocity of sound, these waves cannot reach the shock-wave front, as long as its velocity is appreciably greater than the local velocity of sound (that is, below the C-J point), the compression waves continuously overtake the shock-wave front only at the C-J point As a result, the choice of the point of tangency (C-J) between the H adiabatic and the line drawn from the initial-state point is justified by the fact that only at this point are the conditions completely fulfilled for stability of propagation of a detonation wave This is true for the following reasons 1) above the C-J point, the shock wave is continuously attenuated by the action of the rarefaction waves formed after combustion, 2) below the C-J point, the finite-amplitude compression waves formed during combustion cannot reach the shock-wave and compensate the losses in kinetic energy due to dissipation, 3) only at the C-J point is it impossible for the shock-wave to become attenuated, and only here are the losses in the wave definitely compensated
The Chapman-Jouguet rule leads directly to a method for calculating the velocity and other parameters of a detonation wave At the C-J point, the wave velocity (D-u) with respect to the compressed gas is equal to the velocity of sound (c,) in this gas, that is, the dynamic adiabatic is tangent to the Poisson adiabatic for the given initial state (p,,v 
represent a system of two equations that makes it possible to calculate k,, n,, T,, and E and thus, to define the velocity and other parameters of the detonation wave Equation (A26) can be rearranged to obtain it = p,/p 0 =l/(l-k,(E-l))
Since the derivations of equation (5) in the main text and (A31) have taken different paths, their equivalency is not obvious and will be tested by calculating the detonation pressure ratio it for a single case and comparing the results Let us consider the same case as previously considered in Table 1 and equation 5 We have already solved for y, and C vl and can insert them into equations (A28) and (A29) This leaves 2 equations with 2 unknowns, e and T" and simultaneous solutions can be obtained This value for it can be compared to the value, 12 066 calculated above from equation (7) and establishes the numerical equivalency of the two methods for calculating detonation pressure ratios A-9 WHC-SD-SNF-TI-021 
where n*E is the total internal energy of the system and is equal to Sokahk's E in equation A7
Since the above derivation depends upon C v remaining constant over the integral temperature range, and we know that C v actually varies for all multi-atomic molecules because of vibrational phenomena the error in the approximation must be assessed Barrow (1961) gives the following expressions for the internal thermal energy of a diatomic gas E-Eo= 3/2 RT (Translational) + RT (Rotational) + N e/(Exp(x)-1) (Vibrational)
where e is the vibrational energy level spacing (usually about 2E-13 ergs/molecule), and 
